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Antibody-mediated immunity is critical to the resis-
tance of vertebrate species to pathogenic organisms. Al-
though low-affinity immunoglobin (Ig) M antibodies cir-
culate in the blood prior to encountering pathogens,
high-affinity IgG and IgA antibodies are required to in-
activate toxins, neutralize viruses, and promote the
clearance of microorganisms. Individuals, such as those
with hyper-IgM syndrome (HIGM), who lack the ability
to make such high-affinity IgG and IgA antibodies, are
unable to combat bacterial and viral infections and usu-
ally die at a young age (Revy et al. 2000; Imai et al. 2003).
Prior to exposure to antigen, the initial generation of a
diverse antibody repertoire is achieved early in B-lym-
phocyte development by the successful rearrangement of
the V, D, and J gene segments to produce B cells, each of
which makes a unique Ig heavy- and light-chain variable
(V) region (Fig. 1A; Tonegawa 1983). These V regions
encode the antigen binding sites of antibodies that are
then expressed on the surface of a B lymphocyte and its
clonal progeny. Following specific antigen recognition
by its cognate B lymphocyte and costimulation by helper
T lymphocytes, the B lymphocyte enters the germinal
center of peripheral lymphoid organs to become a cen-
troblast B cell. There, a second wave of antibody diver-
sification occurs through somatic hypermutation (SHM)
and/or gene conversion (GC) of the V region to generate
high-affinity antigen binding sites (Fig. 1B; MacLennan
1994). SHM is the predominant mechanism in mice and
humans, whereas GC occurs in chickens and some other
species (Weill and Reynaud 1996). In the same centro-
blast B cell, the heavy-chain V regions encoding the an-
tigen binding sites are rearranged down the chromosome
through class switch recombination (CSR) so that they
can be expressed with one of the constant (C) region
genes to carry out many different effector functions and
be distributed throughout the body (Fig. 1B; Manis et al.
2002b). SHM and CSR are largely targeted to the Ig genes,

but their targeting to other genes causes many of the
B-cell lymphomas in mice and humans (Pasqualucci et
al. 2001). The biochemical mechanism and regulation of
SHM and CSR are the topic of this review.

The characteristics of SHM

In mice and humans, SHM occurs at rates of 10−5 to 10−3

mutations per base pair per generation which is ∼1 mil-
lion-fold higher than the spontaneous rate of mutation in
most other genes (Rajewsky et al. 1987). The mutations
are mainly single base substitutions, with occasional in-
sertions and deletions. These mutations are targeted to
the V region, beginning ∼150 to 200 bp downstream of
the promoter, and extend ∼1.5-kb further downstream,
ending before the intronic enhancer (Eµ) and sparing the
C region (Fig. 1B; for review, see Rada and Milstein
2001). Although mutations occur throughout the rear-
ranged V regions and its immediate flanking sequences,
there is preferential targeting to WRCY (W = A or T,
R = A or G, C, Y = T or C) and WA motifs that are there-
fore referred to as hot spots. In any particular V region,
some potential hot spots are targeted and others are not,
suggesting that other local sequences or higher-order
structures may also influence the targeting of mutations
(Rogozin and Kolchanov 1992; Kinoshita and Honjo
2001). In addition, transition mutations arise more fre-
quently than do transversions.

Characteristics of class switch recombination

In CSR, the Cµ region is replaced by downstream C�, C�,
or C� segments to generate IgG, IgE, and IgA antibodies,
respectively. This process is mediated by an intrachro-
mosomal recombinational event between the switch (S)
region of the Cµ region (Sµ) and one of the downstream
S regions (Fig. 2). These S regions are located immedi-
ately upstream of each of the C regions (except for �; Fig.
2A) and contain imperfect G-C–rich pentameric repeats
that serve as the donors and recipients for a recombina-
tional process that is region specific but not sequence
specific (for review, see Stavnezer 2000; Kenter 2003).
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CSR requires the production of sterile transcripts from a
promoter located just 5� to each of the S regions (Fig. 2B).
Lymphokines produced by different subsets of helper T
cells that interact with the B cells signal the activation of
the promoter for individual S regions, thus instructing
the B cells to transcribe the sterile transcripts for Sµ and
a particular downstream S region and subsequently to
juxtapose that C region to Sµ region (Fig. 2B,C; for re-
view, see Manis et al. 2002b; Kenter 2003). The sterile
transcript is thought to form a RNA–DNA hybrid with
the template strand, and this results in the exposure of a
region of single-stranded DNA (ssDNA) on the nontem-
plate strand that may be as long as 1 kb (Shinkura et al.
2003; Yu et al. 2003). This structure is called an R loop
(Fig. 2B) and presumably makes the S region accessible to
mutation. The subsequent rearrangement thus juxta-
poses the heavy-chain V region that may have undergone
SHM to one or another of the downstream C regions (Fig.
2D), allowing each antigen binding site to mediate many
different effector functions. It is important to note that
point mutations with the similar characteristics to those
seen in V region SHM are found in the donor and recipi-
ent S regions flanking the site of recombination (Reina-
San-Martin et al. 2003).

Molecules involved in SHM and CSR

Even though SHM and CSR occur in B cells at the same
stage of differentiation, they appear to be very different
biochemical processes. There are IgM antibodies ex-
pressing V regions that have undergone SHM, as well as
IgG and IgA antibodies with no somatic mutations, sug-
gesting that SHM and CSR are independent processes
mediated by completely different sets of enzymes. This

was supported by the finding that CSR requires Ku,
DNA-PKcs, H2AX, and perhaps other enzymes involved
in repairing double-stranded DNA breaks, whereas these
molecules are dispensable for SHM (Bemark et al. 2000;
Manis et al. 2002a; Reina-San-Martin et al. 2003). How-
ever, in the last few years, the discovery of additional
molecules that are responsible for SHM and CSR has
revealed surprising connections between these two pro-
cesses.

Activation-induced cytidine deaminase

The discovery of activation-induced cytidine deaminase
(AID), and the demonstration that it is required for SHM,
GC, and CSR triggered many of the recent advances in
this field (Muramatsu et al. 1999). AID expression is re-
stricted to centroblast B cells, and mice deficient in AID
are completely defective in SHM and CSR (Muramatsu
et al. 2000). Patients with HIGM2 harboring inactivating
AID mutations are unable to undergo SHM and CSR
(Revy et al. 2000), and chicken DT-40 cells lacking AID
are unable to carry out GC (Harris et al. 2002). Ectopic
expression of AID causes SHM in B cells at an incorrect
stage of differentiation (Martin et al. 2002), in non-B cells
(Martin and Scharff 2002b; Yoshikawa et al. 2002), and in
Escherichia coli (Petersen-Mahrt et al. 2002), suggesting
that AID is the only B cell–specific protein required for
SHM and CSR (Martin and Scharff 2002a).
AID is homologous and linked to apolipoprotein B

(apoB) mRNA-editing enzyme catalytic polypeptide 1
(APOBEC-1) that deaminates cytidine 6666 to a uracil in
the apoB mRNA to generate a premature stop codon and
a smaller protein that binds a different receptor than the
full length protein (Navaratnam et al. 1993). This origi-

Figure 1. DNA transactions that contribute to the
generation of antibody diversity in mammalian B lym-
phocytes. (A) V(D)J rearrangement. The genomic orga-
nization of the murine germline Ig heavy-chain locus is
shown on the top diagram. One diversity (D) segment
(purple rectangles) and one joining segment (yellow
rectangles) rearrange to form DJ segment (middle dia-
gram) that subsequently recombines with a variable (V)
segment (orange rectangles) to form a VDJ segment
(bottom diagram). Transcription of this locus is regu-
lated by the intronic enhancer, Eµ (gray oval). (B) SHM,
GC and CSR. Ig heavy-chain (top) and � light-chain
(bottom) genes that have undergone V(D)J rearrange-
ment are shown, with the symbols as in A. Enhancers
that regulate the expression of these genes are shown as
gray ovals.
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nally led to the suggestion that AID was editing mRNA
encoding an endonuclease that acted on V regions to me-
diate SHM and GC and on S regions to trigger CSR (Ki-
noshita and Honjo 2001). Although the catalytic site of
AID is homologous to the catalytic site of RNA-editing
enzymes, it seemed possible from the outset that it was
working directly on DNA (Poltoratsky et al. 2000), and
evidence rapidly accumulated suggesting that this was
true. In particular, it seemed unlikely that there would
be a target mRNA to be edited in CHO and 3T3 cells and
in bacteria where AID is not normally expressed (Martin
and Scharff 2002b; Petersen-Mahrt et al. 2002; Yoshi-
kawa et al. 2002). This, coupled with the findings that an
inhibitor of uracil N-glycosylase (UNG) blocked GC in
DT-40 cells (Di Noia and Neuberger 2002) and that mice
lacking UNG had a perturbed SHM spectra and a de-
crease in CSR (Rada et al. 2002), made it a virtual cer-
tainty that DNA is the substrate for AID.
This DNA deamination model has now been sup-

ported biochemically. By using semipurified AID in a
cell free system, Bransteitter et al. (2003) showed that
GST-tagged AID isolated from insect cells was able to
deaminate dC to dU in ssDNA but not in double-
stranded DNA, RNA, or DNA–RNA hybrids. In addi-
tion, Pham et al. (2003) used this semipurified AID in a
phage-based reporter system to generate a large database
of in vitro mutations and showed that AID preferentially
targeted the dC in WRC motifs. Furthermore, by using
T7 polymerase-dependent system, these investigators
found that most of the mutations were on the nontran-

scribed strand, although in vivo both of the transcribed
and nontranscribed strands are targeted (Milstein et al.
1998). By using extracts from cells overexpressing AID,
Chaudhuri et al. (2003) also observed dC deamination
activity of C in hot spot motifs only on ssDNA. Similar
findings were also observed by others using AID made in
E. coli (Dickerson et al. 2003; Sohail et al. 2003), al-
though the AID made from bacteria did not preferen-
tially target hot spot motifs. The reason for this discrep-
ancy is unclear.
It is unclear whether there are other molecules asso-

ciated with AID that are responsible for its preferential
targeting to the Ig V region for SHM and to S regions for
CSR. However, recent studies showed that mutations or
deletions in the C-terminal 8 to 17 amino acids of AID
do not trigger CSR, even though these mutant AID mol-
ecules can be targeted to the S region to generate point
mutations and retain GC activity in DT-40 cells and
mutagenic activity in E. coli and fibroblasts (Ta et al.
2003). These results suggest that different domains of
AID recruit factors that differentially mediate the out-
comes of SHM and CSR.

Uracil N-glycosylase

As already noted above, UNG, a uracil DNA glycosylase,
plays an important role in SHM and CSR, presumably by
removing uracil generated by AID deamination. Dele-
tion of UNG in E. coli that overexpresses AID and inhi-
bition of UNG in DT-40 cells result in an increase in

Figure 2. Model of class switch recombination. (A)
The genomic organization of the rearranged heavy-
chain Ig locus is shown with the same symbols as in
Fig. 1. (B) During CSR, promoters for sterile transcripts
are active (shown as arrows upstream of switch re-
gions). R-loop forms in which RNA (blue line) remains
bound to DNA (black lines) after the RNA polymerase
(RNAP) has transcribed the region. (C) The region be-
tween Sµ and S� is deleted. (D) Cµ is replaced by C�.
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transition mutations on G-C base pairs (Petersen-Mahrt
et al. 2002). UNG also plays an important role in CSR.
Mice deficient in UNG had fivefold to 10-fold reduction
of switching from IgM to IgG3 and ∼10-fold reduction of
switching to IgG1, suggesting that removing uracil to
generate abasic sites is an important pathway in CSR
(Rada et al. 2002). Patients with homozygous recessive
mutations in the active site of UNG exhibit a high level
of IgM but very low levels of IgG or IgA in their sera, and
their B cells have a greatly reduced ability to carry out
CSR after cytokine stimulation in vitro (Imai et al. 2003).
Although there are other uracil DNA glycosylases in ani-
mal cells, such as MBD4, TDG, and SMUG, the findings
in UNG-deficient mice and humans suggest that UNG is
the major glycosylase involved in SHM and CSR. This
has been supported by a study in which neither process is
perturbed in MBD4-deficient mice (Bardwell et al. 2003).

Mismatch repair proteins

Mismatch repair (MMR) normally maintains genomic
integrity (Kolodner 1996). In humans and mice, the
MSH2–MSH6 heterodimer recognizes single or very
short base-pair mismatches, whereas the MSH2–MSH3
heterodimer recognizes larger mismatches or insertions
or loops (Buermeyer et al. 1999; Wei et al. 2002). The
recognition of a mismatch is followed by the recruit-
ment of downstream mismatch repair proteins—such as
MLH1, PMS2, PCNA, Exonuclease 1 (EXO1), and un-
known endonuclease(s)—to excise the mismatched bases
and DNA polymerase(s) to fill the gap and restore the
DNA sequence (Kolodner 1996). Mice deficient in MMR
proteins exhibit microsatellite instability and cancer-
prone phenotype (Wei et al. 2002).
MMR eliminates mutations that arise spontaneously

in the genome. Mice or cell lines deficient in MMR pro-
teins exhibit an increased level of spontaneous muta-
tions (Wei et al. 2002). In contrast, mice deficient in
MSH2 or MSH6 show a decreased frequency of SHM (for
review, see Martin and Scharff 2002a). Very importantly,
the spectrum of SHM in mice deficient in MSH2 or
MSH6 is different from wild-type mice; that is, there are
very fewmutations in A-T and the majority of mutations
are G-to-A or C-to-T transitions at G-C base pairs in
WRCY motifs. These findings led to the proposal that
SHM has two phases; that is, in the first phase, AID and
UNG generate mutations on G-C pairs, and in the sec-
ond phase, MMR is recruited to exercise the DNA con-
taining the mismatches and resynthesize the excised
DNA with the help of error-prone polymerases such as
pol �. This results in additional mutations in A and T, as
well as C, that are not in hotspots (Rada et al. 1998; Zeng
et al. 2001).
In mice deficient in MLH1 or PMS2, two proteins in-

volved in the later stages of mismatch repair, the
changes in the mutation frequency and in the spectra of
mutations are less dramatic than in MSH2-deficient
mice, and in some experiments it was difficult to distin-
guish the mutant mice from their wild-type littermate

controls, although there does appear to be a slight in-
crease mutations at G-C pairs (for review, see Martin and
Scharff 2002a). Although these results cannot be easily
explained, it is possible that the role of MLH1 and/or
PMS2 in SHM is different from that in MMR (Schrader et
al. 2003) or that there is functional redundancy for
MLH1 and PMS2 (Arakawa et al. 2002).
MMR proteins are also involved in CSR. Studies with

MSH2-deficient mice have reported a twofold to 10-fold
reduction in isotype switching (Ehrenstein and Neuber-
ger 1999; Schrader et al. 1999), suggesting that the MSH2
protein is needed to carry out efficient CSR. In addition,
mice carrying a mutation in the MSH2 ATPase domain
have a deficiency in switching, suggesting the ATPase
activity of MSH2 is essential for efficient CSR (Martin et
al. 2003). Impaired CSR is also observed in MSH6-defi-
cient mice but not in MSH3-deficient mice (Z. Li and
M.D. Scharff, unpubl.), suggesting that, as with SHM, it
is the MSH2–MSH6 complex that is important for SHM
and efficient CSR. PMS2- or MLH1-deficient mice ex-
hibit approximately two to fourfold reduction of switch-
ing (Schrader et al. 1999; Ehrenstein et al. 2001).
Both MMR deficiency and UNG deficiency result in

significant defects in CSR, although the phenotype of
UNG deficiency may be stronger than that of MMR de-
ficiency (Rada et al. 2002; Imai et al. 2003). It is difficult
to envision that the UNG pathway is dominant over the
MMR pathway or vice versa, if they are two independent
pathways in CSR. It is therefore reasonable to postulate
that MMR can recognize the G-abasic mismatches after
UNG removes U triggering CSR.

Error-prone DNA polymerases

Early explanations of the generation of antibody diver-
sity invoked error-prone polymerases (Brenner and Mil-
stein 1966), and when the mammalian homologs of the
bacterial translesional polymerases were shown to have
low fidelities, it was suggested that they might be in-
volved in SHM (Goodman and Tippin 2000). As already
noted, this has been confirmed by the finding that pa-
tients with deficiencies in pol � have a decreased fre-
quency in mutations at A and T (Zeng et al. 2001). In-
terference with pol � in mice and in a Burkitt’s lym-
phoma cell line decreases in the rate of SHM (Diaz et al.
2001; Zan et al. 2001). In addition, Burkitt’s cells in
which pol � has been inactivated have an ∼75% reduction
of SHM frequency (Faili et al. 2002a). However, mice
deficient in pol � do not change their rate and spectrum of
mutation (McDonald et al. 2003). The difference be-
tween these two results is difficult to reconcile, and fur-
ther studies are required to fully understand the roles of
these polymerases in SHM and to determine if they play
any role in CSR.

Nonhomologous end joining

Nonhomologous end joining (NHEJ) plays an essential
role during V(D)J recombination and in the repair of

Li et al.

4 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


double-stranded DNA breaks. Ku70, Ku80, DNA-PKcs,
or H2AX- deficient mice showed an impaired CSR activ-
ity (Manis et al. 2002b; Reina-San-Martin et al. 2003),
whereas they are normal for SHM (Bemark et al. 2000;
Reina-San-Martin et al. 2003), suggesting that ligating of
two double-stranded break ends is not a prominent pro-
cess during SHM. The fact that NHEJ is important for
CSR but not for SHM supports the idea that AID-initi-
ated G-U mismatches are resolved differently during
SHM and CSR (for review, see Li et al. 2003). Although
H2AX-deficient mice exhibit normal SHM (Reina-San-
Martin et al. 2003), in hypermutating Burkitt’s lym-
phoma cell lines �-H2AX is associated with the V region
but not C region (Woo et al. 2003; Zan et al. 2003). This
suggests that double-stranded breaks may arise during
SHM but are not required for that process (Faili et al.
2002b; Papavasiliou and Schatz 2002), whereas they are
essential for repairing the double-stranded DNA breaks
that are a critical part of CSR.

Model for the production of mutations in both SHM
and CSR

The recent explosion of information on molecules re-
sponsible for SHM and CSR described above has led to a
general model (Poltoratsky et al. 2000; Petersen-Mahrt et
al. 2002) that incorporates the findings described above
and is used by many in the field to explain the initiation
of both processes (Fig. 3). AID is only expressed in cen-
troblast B cells, hence the restriction of SHM and CSR to
this stage of B-cell differentiation, and the regulation of
these processes depends upon the transcriptional activa-
tion of AID. Newly synthesized AID may associate with
other molecules or undergo posttranslational modifica-
tions such as phosphorylation so that it can be trans-
ported from the cytoplasm to the nucleus. Although AID
has a putative bipartite nuclear localization motif, it is
not yet clear whether this is functional and sufficient, as
well as whether AID needs to be chaperoned into the
nucleus. Once it is transported into the nucleus, AID
interacts with ssDNA in the V and the S regions and
deaminates dC to dU to produce G-U mismatches. As
diagramed in Figure 3, the dU created by AID may sub-
sequently be replicated to produce a C-to-T mutation or
G-to-A mutation on the other strand (phase I A) or re-
moved by UNG to create an abasic site. The abasic site
can subsequently be converted to a single-stranded nick
by AP-endonuclease and then repaired by base excision
repair without generating mutations, or it can be by-
passed by error-prone DNA polymerase(s) to generate
mutations (phase I B), recognized by MSH2–MSH6, and
then excised and replaced by resynthesis with error-
prone polymerases that will create additional mutations
including mutations on A-T base pairs (phase II). It is
unclear whether these processes compete with each
other in a random fashion or whether they are coordi-
nated and regulated by other factors such as the cell cy-
cle–mediated levels of expression of the relevant pro-
teins. In addition, there is some indirect evidence that

AID introduces many more lesions than are ultimately
fixed as point mutations in the V region and that many of
the AID-induced mutations are repaired by homologous
recombination in late S and G2 (Sale and Neuberger
1998; Faili et al. 2002b). A role for homologous recom-
bination has also been invoked by recent studies of SHM
in a Burkitt’s lymphoma cell line (Zan et al. 2003).
After dU is introduced into the S regions, there is the

additional requirement for double-stranded DNA breaks
to allow for S recombination. The double-stranded DNA
breaks in the S region may be staggered and could be the
result of many single-stranded breaks resulting from the
activities of AID, UNG, MMR, and AP-endonuclease, or
they may be created by some as yet unidentified mecha-
nism. Once the double-stranded DNA breaks are created
and processed in the S region, they can be repaired by
NHEJ mechanism or can be resolved by other DNA re-
pair mechanisms such as homologous recombination.
Although this model for the mutations that occur in the
V and S regions explains many of the observations de-
scribed in the previous sections, it is incomplete and
could even be incorrect because there are still many un-
resolved questions and controversial issues, some of
which will now be discussed.

Is MMR playing a direct or indirect role in SHM
and CSR?

The fact that MSH2-deficient mice change the spectra of
SHM, the frequency of CSR, and the characteristics of
the recombination sites in CSR suggests MMR plays a
direct and important role in both of these processes (Mar-
tin and Scharff 2002a). However, some investigators
have suggested that the defects in these processes in the
MMR-deficient mice led to an arrest of B-cell develop-
ment due the genomic instability in rapidly dividing B
cells or to the loss of apoptotic or other signals (Frey et al.
1998; Vora et al. 1999). This concern also arises from the
observation that the defects in SHM that have been ob-
served in MSH2−/− or MSH6−/− mice are more pro-
nounced than are the defects in MLH1- or PMS2-defi-
cient mice, even though the latter act downstream in the
MMR process and would be expected to lead to the same
defects (for review, see Martin and Scharff 2002a). This
enigma is compounded by the observation that the S
junctions look different in the mice with deficiencies in
different MMR proteins. It was expected that the se-
quences of these sites of recombination would reveal the
biochemical processes that had occurred (Stavnezer
2000). The Sµ-S�3 junctions from splenic B cells of
MSH2-deficient mice stimulated to switch in vitro
showed shorter microhomologies, more blunt junctions,
and more insertions than do wild-type mice (Schrader et
al. 2002). Unexpectedly, PMS2- or MLH1-deficient mice
exhibited more long microhomologies in the S junctions
than did wild-type mice (Ehrenstein et al. 2001; Schrader
et al. 2002). Furthermore, doubly-deficient MSH2/MLH1
mice exhibit switching junctions similar to that of
MLH1- but not of MSH2-deficient mice, although dou-
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bly and singly deficient mice exhibit a similar extent of
reduction in switching to different isotypes compared
with the wild-type controls (Schrader et al. 2003). What
is especially interesting is that ATPase-deficient MSH2
mice exhibit a mixed phenotype of switching junctions;
that is, they have longer microhomologies, such as
PMS2- or MLH1-deficient mice, and they have more in-
sertions, such as the MSH2-deficient mice (Martin et al.
2003). It is difficult to explain the meaning of different
sized microhomologies and insertions in S junctions in

the mice lacking various MMR proteins. Because the ex-
act mechanism of CSR is unclear at this point, additional
in vivo and in vitro experiments will be required to
clarify this.
Despite these uncertainties, it is hard to envision how

these differences in the patterns of mutation in SHM and
the characteristics of the S junctions could arise as the
result of some nonspecific arrest in B-cell development,
so these observations seem to support a direct role for
MMR in SHM and CSR. A direct role for MMR in SHM

Figure 3. Model of somatic hypermutation. During RNA polymerase (RNAP, orange oval)-mediated transcription, AID (yellow oval)
and cofactors (blue ovals) deaminate cytosines (C) on the single-stranded DNA of the transcription bubble to generate uracil (U). The
result of this reaction is a G-U mismatch which can be resolved as follows: (phase I, A) G-U mismatches undergo DNA replication
and result in C-to-T mutation. (B) UNG removes uracil, and the resulting abasic site is either processed by base excision repair in an
error-free fashion or replicated to any base. (phase II) Mismatch repair (MMR) proteins MSH2 and MSH6 (blue and red ovals) bind to
G-U mismatches or G-abasic mismatches and subsequently recruit additional MMR proteins as well as error-prone polymerases to
generate mutations on A/T base pairs.
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is further supported by our recent observation that chro-
matin immunoprecipitation (ChIP) with antibodies
against Exo1 and Mlh1 reveal that they are physically
associated with V region but not the C region in BL2
cells undergoing SHM (P.D. Bardwell and M.D. Scharff,
unpubl.). Furthermore, MSH2 ATPase mutant mice,
which are deficient in mismatch repair but retain the
ability to signal for apoptosis, exhibit the characteristics
of SHM and CSR similar to those of MSH2 complete
knock-out mice, suggesting that it is MMR activity per
se that is involved in antibody diversification process
rather than triggering apoptosis (Martin et al. 2003).

How is AID targeted to the V and S regions but not to
other genes?

What is the role of transcription in SHM and CSR?

The importance of the promoter in determining the tar-
get of mutation has been confirmed in many ways, in-
cluding experiments in which the C region underwent
SHM when the V region promoter was placed just up-
stream of it (Peters and Storb 1996). In addition, there are
a number of experiments showing that the rate of V re-
gion mutation is roughly proportional to the rate of tran-
scription (Fukita et al. 1998; Bachl et al. 2001; Ramiro et
al. 2003). Although there were many possible explana-
tions for this relationship to transcription, the recent
biochemical finding that AID deaminates dC in ssDNA
in cell-free systems in the absence of transcription shows
that transcription per se and RNA polymerase II are not
required for AID activity in vitro. Furthermore, muta-
tion is targeted to ssDNA regions resulting from tran-
scription by T7 RNA polymerase, confirming that RNA
polymerase II is not required in vitro. Rather, these stud-
ies suggest that transcription is required because it cre-
ates ssDNA regions in the form of transcription bubbles
in the V region (Bransteitter et al. 2003; Chaudhuri et al.
2003) and R loops in the S region (Shinkura et al. 2003;
Yu et al. 2003). If AID binds strongly to ssDNA in vivo
and behaves in a processive manner (Pham et al. 2003), it
will be interesting to learn more about the relationship
between AID, RNA polymerase II, and the moving tran-
scription bubble in the V region and in the R loop in the
S region. Furthermore, the biochemical studies show a
predominance of mutations in the nontranscribed
strand, so we still have to learn how the mutations in the
template strand arise (Chaudhuri et al. 2003; Dickerson
et al. 2003; Pham et al. 2003; Ramiro et al. 2003; Sohail
et al. 2003).

Are there cis-acting sequences that target AID
for mutations?

The analyses of many Ig transgenes in vivo revealed that
different promoters could substitute for the V region pro-
moter and SHM would still be targeted to the V region
(Betz et al. 1994; Tumas-Brundage and Manser 1997). In

cultured B cells, viral promoter-enhancers could substi-
tute for Eµ without affecting the rate or characteristics of
mutation (Bachl and Wabl 1996; Lin et al. 1998). Inter-
estingly, the 3� enhancer of the light-chain is also re-
quired for high rates of SHM in the light-chain V region
in vivo (Sharpe et al. 1990; Tumas-Brundage et al. 1997),
although the heavy-chain 3� enhancer is not required for
heavy-chain V region mutation (Tumas-Brundage et al.
1997; Morvan et al. 2003) but is required for CSR (for
review, see Manis et al. 2002b). Because these transcrip-
tional regulatory elements do not appear to contain par-
ticular sequence motifs required for the targeting of
SHM, the V region coding exon was examined for cis-
acting sequences by replacing it with all sorts of genetic
elements, including genes from bacteria and Drosophila,
in transgenic mice (Azuma et al. 1993; Yelamos et al.
1995; Tumas-Brundage et al. 1996). In general, these for-
eign genes were targeted for the same sorts of mutations
as the V region, suggesting that the V region exon also
does not contain any particular cis-acting motifs re-
quired for targeting of SHM. The finding that non-Ig
genes could be targeted by AID for mutation in B cells
and in non-B cells (Martin and Scharff 2002b; Yoshikawa
et al. 2002) has added to the uncertainty about whether
there are particular DNA binding proteins such as spe-
cific transcription factors required for SHM. The realiza-
tion that SHM was proportional to the rate of transcrip-
tion and the observation that some oncogenes in B-cell
malignancies had a pattern of mutation that resembled
SHM had already led to an examination of whether other
highly transcribed genes in centroblast B cells were un-
dergoing SHM. This appears to be true for Bcl6 in human
cells but not in mice (Pasqualucci et al. 1998; Shen et al.
1998). It was also found that mb1 and B29, highly
expressed genes that encode proteins associated with
IgM in surface of B cells, had mutations with the char-
acteristics of SHM in normal and malignant human
cells (Gordon et al. 2003). However, mutations are not
found in all highly transcribed genes in B cells (Shen et
al. 2000). This suggests that there are cis-acting se-
quences that play a role in targeting AID to particular
genes. Recently, Michael et al. (2003) reported that an
E-box motif increases the rate of mutation of a synthetic
transgene in mice. In all of these studies, there are still
issues about whether the rates of SHM are comparable to
those that occur naturally, whether the observed muta-
tions are really AID-dependent, and whether these dif-
ferent genes really have similar rates of transcription. In
addition, it is likely that the overexpression of AID will
eliminate the need to have specific targeting mecha-
nisms, which could explain some but not all of the ob-
servations of mutations in non-Ig genes (Woo et al. 2003).

Does chromatin structure play a role in the targeting
of SHM and CSR?

Alt and his colleagues proposed that trans-acting pro-
teins were targeted to the V region for SHM and the S
regions for CSR by increasing the accessibility of the
relevant DNA domains, and they have recently sug-

The generation of antibody diversity

GENES & DEVELOPMENT 7

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


gested that changes in chromatin structure are associ-
ated with expression and rearrangement of the Ig genes
(Mostoslavsky et al. 2003). In addition to the important
role of histone modifications in modulating V(D)J recom-
bination at the IgH locus (for review, see Schlissel 2000),
such modifications are also critical during CSR in cen-
troblasts. In response to specific cytokine stimuli, there
is an increase in the accessibility of the S region that
leads to germline transcription of the S and C region (Fig.
2; Stavnezer 2000). This is associated with increases in
the DNase I hypersensitivity of the specific S regions
that will subsequently undergo CSR (for review, see
Stavnezer 1996). In at least some instances, these events
may be associated with histone deacetylation of a micro-
domain within Ig gene because CSR to IgA can be sup-
pressed by the DNA-binding protein, late SV40 factor
(LSF), that recruits histone deacetylases and a corepres-
sor to the S region (Drouin et al. 2002).
Because chromatin structure plays an important role

in both V(D)J rearrangement and CSR, it seemed reason-
able that it would also be important in restricting
SHM to the Ig gene and in targeting it to the V region
and not to the C region. We have examined this by
using the BL2 Burkitt’s lymphoma cell line that can be
induced to undergo SHM by stimulation with anti-IgM
and helper T cells. In these costimulated mutating
cells, there was a fivefold to 10-fold increase in the
acetylation of H4 and about three- to fivefold increase in
the actylation of H3 associated with V region, but there
was no increase in the acetylation of the histones asso-
ciated with the C region or the promoter (Woo et al.
2003). In addition, the histone modifications arose inde-
pendently of the AID-induced mutations. However,
when AID was overexpressed or hyperacetylation of
the C region was induced, the C region was also targeted
for SHM. We interpret these findings to mean that the
induction of AID and hyperacetylation of the histones
associated with the V region are two independent events.
Very high levels of AID disrupted the tightly controlled
targeting to V regions and to hot spots. If the chromatin
associated with the C region is hyperacetylated, normal
levels of AID can gain access to it. We hypothesized
that in vivo, just enough AID is expressed so that the
chromatin modifications in the nucleosomes associated
with the V region allow or recruit the selective targeting
of mutation to the V region of the Ig gene (Woo et al.
2003).

Future Direction

SHM and CSR occur during a brief stage in B-cell devel-
opment and are both triggered by AID that converts dC
to dU in the Ig V and S regions. The lesions that are
generated by this mutation are resolved by different
mechanisms depending whether they arise in the V re-
gion or in the S region of the heavy-chain Ig gene. Al-
though many of the enzymes that are involved have been
identified in the past few years, some of the mutational
factors have yet to be discovered, and there is still much
to be learned about how they are coordinated and tar-

geted to the V and S regions. Furthermore, it is unclear
why some highly expressed non-Ig genes are targeted for
mutation, whereas others are not. This is important be-
cause the SHM of non-Ig genes leads to many of the
B-cell malignancies.
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